Several statistical methods were tested for accuracy in predicting observed frequencies of di-through hexanucleotides in 74,444 bp of E. coli DNA. A Markov chain was most accurate overall, whereas other methods, including a random model based on mononucleotide frequencies, were very inaccurate. When ranked highest to lowest abundance, the observed frequencies of oligonucleotides up to six bases in length in E. coll DNA were highly asymmetric. All ordered abundance plots had a wide linear range containing the majority of the oligomers which deviated sharply at the high and low ends of the curves. In general, values predicted by a Markov chain closely followed the overall shape of the ordered abundance curves. A simple equation was derived by which the frequency of any nucleotide longer than four bases in the E. coli genome (or any genome) can be relatively accurately estimated from the nested set of component tri-and tetranucleotides by serial application of a 3rd order Markov chain. The equation yielded a mean ratio of 1.03±0.94 for the observed-to-expected frequencies of the 4,096 hexanucleotides. Hence, the method is a relatively accurate but not perfect predictor of the length in nucleotides between hexanucleotide sites. Higher accuracy can be achieved using a 4th order Markov chain and larger data sets. The high asymmetry in oligonucleotide abundance neans that in the E. coli genome of 4.2 X 10 6 bp many relatively short sequences of 7-9 bp are very rare or absent.
INTRODUCTION
The random model was entirely inadequate in predicting frequencies of virtually all sequence lengths. Hence, computer programs should incorporate a Markov chain model to predict frequencies of oligonucleotides using, at a minimum, the observed frequencies of tri-and tetranucleotides as a starting point. Blaisdell (8) has recently reported the use of a Markov chain to identify similarities among eukaryotic DNA sequences which were undetectable by algorithms requiring sequence alignment. Markov chain analysis reported here should also be useful in designing highly specific probes for screening gene libraries and in restriction mapping of small genomes and chromosomes.
MATERIALS AMD METHODS

Sequence Analysis
All E. coli DNA sequence data were retrieved from Genbank (Fall 1984 update). Genes and their flanking regions used are: Lll and B operons (12,337 bp) , rrnB operon (7,508 bp), trj> operon (7,335 bp), ATP synthase operon (7,152 bp) , lac operon (5,808 bp), frd operon (5,482 bp), malK-lamB operon (3,799 bp), tar, ta£ (3,465 bp), ilvG, ilvE (2,488 bp), thrA (2, 463 bp), ecoRI (2,334 bp), motA, motB (2,212 bp), tufB (1,937 bp), fnr (1, 651 bp), deoC (1,538 bp), recA (1,390 bp), araC (1,335 bp), fol (1,200 bp), trpR (1,043 bp), £tr (1,016 bp), lexA (951 bp). The total number of nucleotides was 74,444 which included both coding and noncoding regions of DNA. Given the size of the data set, variations greater than 5% were statistically significant at a confidence level of 0.001 or less.
Sequence editing and computing were done on a Digital PDP-11/34A in the RSX-11M operation system (V4.0) (Digital Equipment Corporation), using a software package DNASEQ developed for DNA sequence analysis on the PDP-11/34A (9) . Data sets were created by compiling DNA sequences fron coding strands head-to-tail with spaces between genes to exclude nucleotide combinations not found in the E. coli genome. In all cases, sequences were compiled by moving a single base per step in the 5 1 to 3' direction on the transcribed strand.
Likelihood Ratio Test and Residual Values
Values of a nucleotide sequence predicted by a Markov chain were compared to observed values by a likelihood ratio (LR) teat (10 (Table 2A) Although the most widely used, this is the least accurate method (Table 1 and Fig. 2C ). Second, if the frequency of dinucleotides is known, the 
Ordered Abundance Curves and Markov Predicted Values
A more direct measure of the capacity of the Markov chain to predict frequencies can be seen on the ordered abundance plots for tri-through hexanucleotides (Figures 1-4) in which values predicted by the Markov chain rule have also been plotted for comparison. Frequencies calculated on the basis of mononucleotide frequencies, e.g., a purely random model, have also been plotted for tetranucleotides in Figure 2C . All ordered abundance curves have the same overall "S"-shape in that the majority of the sequences fell on a broad linear slope such that immediate neighbors could be predicted with high accuracy. At the high and low end of the curves, a relatively sharp break in slope occurred with a wider range for the highly abundant sequences. This general shape also applied to the di-(not shown) and trinucleotides (Fig. 1) . Frequencies calculated on the basis of mononucleotides did not remotely fit the ordered abundance curve for tetranucleotides. By contrast, Markov chain values closely followed the overall shape of the curve, even though the fit was imperfect. The fit was much better at the penta-and hexanucleotide levels ( Fig. 3 and 4) . We conclude, therefore, that the Markov chain is an adequate but not perfect predictor of higher order nucleotide sequences in the E. coli genome. Furthermore, the accuracy of specific frequencies is improved as (Fig. 2) . Accordingly, E. coli DNA was digested with Mael, Sau3A, (recognition site: GATC), Haelll (GGCC) and EcoRI (GAATTC). The frequency of CTAG (0.00036) was approximately 10-fold less than that of GATC (.0041) and GGCC (.0031); this is about the difference in frequency with which DNA is cut by restriction enzymes recognizing 6-base and 4-base sites. Figure   5 shows that E. coli DNA was infrequently cut by Mael, but extensively cut A B C D levels from component tri-and tetranucleotides. By using observed levels of the 64 tri-and 256 tetranucleotides (Tables 3 and 4) , the frequency of a ouch longer sequence can be estimated by a simple calculation. Although greater accuracy can be achieved by using tetra-and pentamers or pentaand hexamers, the current data set was statistically unreliable above tetramers because CTAG-containing pentamers and hexamers were too infrequent. A larger data base will overcome this limitation.
Assume that the frequency of the hexanucleotide CCTAGG were sought. By applying a 4th order Markov chain:
Then by applying a 3rd order Markov chain to the two pentaciucleotides: Note that these two 10-base sequences differ by only one base yet differ by 353-fold in frequency because of the abundance asymmetries. Thus, it is unlikely that this or any other CTAG-containing decamer would occur in the E. coli genome, whereas 7-8 CTGG-containing decamers would be expected in the coding strand. To estimate a decamer in the noncoding strand as well, the frequency of the decamer's complement must also be calculated to obtain a value for the whole genome. These calculations point out how limiting the genome size of E. coli is with respect to diversity of sequences much longer than 10 bases, given the observed abundance asymmetries.
Accuracy of a Third Order Markov Chain in Predicting Hcxanucleotide
Frequencies
To estimate how accurately the foregoing method predicted oligonucleotide sequences, the observed frequencies of the 4,096 hexanucleotides were compared to those expected by application of a 3rd order Markov chain. A sample of the data are given in Table 5 We conclude, therefore, that overall the 3rd order Markov chain is a relatively accurate predictor of observed frequencies, at least up to the hexanucleotide level starting from a relatively small data set. Furthermore, increasing the data set does not necessarily improve accuracy, and 50-100 kb of known DNA sequence is probably close to a typical data base for many organisms at present. Greater accuracy can be achieved by using a higher order Markov chain should the data base be large enough to allow it.
Codon Usage and Ordered Abundance Curves
The E. coli genome is largely coding DNA. Hence, codon usage has had a significant influence over the observed di-through hexanucleotide frequencies. However, no one has quantitatively measured the effect. One estimate is shown here by the complement ratio plots. That is, the most abundant oligonucleotides had ratios greater than one while the least abundant oligomers had ratios less than one. Hence, the coding strand is enriched for oligomers in high abundance and the noncoding strand is enriched for low abundance sequences. In a separate communication, the rank of oligonucleotides in ordered abundance curves and linear regression analysis have been used to measure directly the effect of codon usage on observed frequencies. A Markov chain has also been useful in identifying over-and underabundant oligonucleotides in the E. coli genome whose frequencies cannot be accounted for by codon usage.
